In the standard inflationary scenario, primordial perturbations are adiabatic. The amplitudes of most types of isocurvature perturbations are generally constrained by current data to be small. If, however, there is a baryon-density perturbation that is compensated by a dark-matter perturbation in such a way that the total matter density is unperturbed, then this compensated isocurvature perturbation (CIP) has no observable consequence in the cosmic microwave background (CMB) at linear order in the CIP amplitude. Here we search for the effects of CIPs on CMB power spectra to quadratic order in the CIP amplitude. An analysis of the Planck temperature data leads to an upper bound ∆ 2 rms ≤ 7.1 × 10 −3 , at the 68% confidence level, to the variance ∆ 2 rms of the CIP amplitude. This is then strengthened to ∆ 2 rms ≤ 5.0 × 10 −3 if Planck small-angle polarization data are included. A cosmic-variance-limited CMB experiment could improve the 1σ sensitivity to CIPs to ∆ 2 rms 9 × 10 −4 . It is also found that adding CIPs to the standard ΛCDM model can improve the fit of the observed smoothing of CMB acoustic peaks just as much as adding a non-standard lensing amplitude.
In the standard inflationary scenario, primordial perturbations are adiabatic. The amplitudes of most types of isocurvature perturbations are generally constrained by current data to be small. If, however, there is a baryon-density perturbation that is compensated by a dark-matter perturbation in such a way that the total matter density is unperturbed, then this compensated isocurvature perturbation (CIP) has no observable consequence in the cosmic microwave background (CMB) at linear order in the CIP amplitude. Here we search for the effects of CIPs on CMB power spectra to quadratic order in the CIP amplitude. An analysis of the Planck temperature data leads to an upper bound ∆ 
I. INTRODUCTION
Cosmological density perturbations are thought to have their origin during inflation [1] [2] [3] . These perturbations seed the large-scale inhomogeneities that later grow to become galaxies and clusters [4] . From structure formation and cosmic-microwave-background (CMB) observations, we know that primordial density perturbations have amplitude δ ∼ 10 −5 [5] .
Primordial perturbations can be classified into two groups depending on their initial conditions. Adiabatic perturbations are perturbations to the total energy density that leave the ratios of the different constituents of matter everywhere the same. Isocurvature perturbations involve perturbations to the relative number densities of different components of matter [6] [7] [8] [9] . The simplest inflationary models have purely adiabatic fluctuations, while isocurvature fluctuations usually signal the presence of a second field during inflation, as in curvaton models [10, 11] .
Isocurvature perturbations between photons and a single other species are in general well constrained [12] [13] [14] . If, however, there is a baryon-density perturbation that is compensated by a dark-matter perturbation in such a way that the total matter density remains constant, then there are no pressure or gravitational-potential perturbations above the baryonic Jeans scale. These compensated isocurvature perturbations (CIPs) thus have no observable effect on the CMB at linear order in the CIP * Electronic address: julianmunoz@jhu.edu † Electronic address: dgrin@kicp.uchicago.edu amplitude [15, 16] . There are constraints from other observables, but these are a factor of ∼ 10 4 weaker than the adiabatic component [17] [18] [19] [20] .
In the standard scenario, the CMB power spectrum is determined given fixed values of the baryon and darkmatter densities Ω b and Ω m , respectively, in units of the critical density. CIPs, however, introduce variations to Ω m and Ω b between different patches of the CMB sky. They thus induce a variation in the power spectrum from one patch of sky to another.
The mean power spectrum-that obtained by measurements over the entire sky-remains unaltered, to linear order in the CIP amplitude. The variations show up, however, in two different ways. First of all, the spatial modulation of the power spectrum is characterized by a departure from gaussianity, a specific nontrivial four-point function, or trispectrum. A search for such a trispectrum was performed in Ref. [20] . The second consequence, however, is a change to the power spectrum that arises to quadratic order in the CIP amplitude, which can be understood heuristically as a smoothing of features in the CMB power spectrum when different power spectra are averaged.
In this paper we seek this effect of CIPs on the CMB power spectra obtained by Planck. We parametrize the magnitude of the effect of CIPs in terms of an rms CIP amplitude ∆ rms . We find from a temperature-only analysis a constraint of ∆ 2 rms ≤ 7.1 × 10 −3 , which is competitive with, and complements, that obtained from the complete trispectrum, although with a far simpler analysis. That figure improves to ∆ 2 rms ≤ 5.0 × 10 −3 if Planck polarization data are included. We then make CIP sensitivity forecasts for future experiments. We also show that CIPs have a very similar effect on the power spec-trum to changing the lensing amplitude A L . They can thus alleviate the tension between the lensing amplitude obtained from the Planck spectrum (A L = 1.22 ± 0.1) and that expected from theory (A L = 1) [5] . This paper is structured as follows. In Section II we review the physics of CIPs and their effects on the CMB power spectra. Then, in Section III we find a linear basis of estimators for CMB observables, including CIPs. In Section IV we apply our analysis to current CMB data and an ideal cosmic-variance-limited CMB experiment. We conclude in Section V.
II. COMPENSATED ISOCURVATURE PERTURBATIONS
CIPs change the baryon and dark-matter densities in such a way that the total matter energy density, Ω m = Ω b + Ω c , remains unaltered. We parametrize their effect as
and
where Ω b and Ω c are the baryon and dark-matter energy densities respectively, the overbar represents their unperturbed values, and ∆(n) is the amplitude of the CIP in the specific directionn at recombination. This expression is accurate for CIPs of sufficiently large angular scale, where they can be treated as a modulation of background parameters [21] . The linear-order effects of CIPs are on scales at which the baryons behave differently from dark matter, corresponding to angular scales 10 5−6 [18] , which makes them unobservable in the CMB, although potentially detectable using cosmological 21-cm absorption measurements at high redshift [16] . CIPs will also have consequences for the CMB fluctuations induced by adiabatic perturbations. In a region of high ∆(n) (high baryon density), decoupling will be longer, thereby smoothing the peak structure in the CMB power spectrum. The mean-free path of CMB photons would be reduced by the higher electron density, leading to less damping of CMB fluctuations on small angular scales. A higher baryon density also decreases the plasma sound speed and hence decreases the sound horizon at recombination [6] .
A. Angular properties
We expand the amplitude of the compensated isocurvature perturbations in spherical harmonics as
where the spherical-harmonic coefficients ∆ LM are statistically independent and have a variance given by
We take the ansatz of a scale-invariant power spectrum for ∆ in k-space. For L 800, this creates a scaleinvariant angular power spectrum C L = A L −2 when projected onto the last-scattering surface (LSS), where A is a dimensionless amplitude [18] . The simple picture of CIPs as a modulation of background parameters corresponds to a separate universe approximation, which was shown in Ref. [21] to only be valid for L 100, as the imprint of CIPs are washed for at smaller CIP angular scales. We thus restrict our analysis to L ≤ 100.
We assume that the CIP amplitude ∆(n) is a Gaussian random variable with zero average and variance ∆ 2 rms ≡ ∆ 2 . Instead of finding an estimator for each ∆ LM we will directly measure its variance, which can be expressed in terms of the CIP angular power spectrum C
which means that our constraints will be on the total power in CIPs and not on each individual C ∆ L . By using Eq. (4) we can relate the CIP variance ∆ 2 rms to the amplitude A of the power spectrum as,
B. Previous constraints
As CIPs do not change CMB power spectra at linear order, past work has relied on other observables to constrain their amplitude. For example, measurements of galaxy-cluster baryon fractions (obtained through X-ray observations) were used in Ref. [17] to search for CIPs, imposing the constraint ∆ 2 rms 5 × 10 −3 . This technique, however, relies on clusters being fair samples of the baryon density in the universe, as well as being kinematically relaxed.
In Ref. [18] , the off-diagonal correlations in the CMB created by CIPs were computed, and a forecast was made of the sensitivities that could be reached by studying them with different instrumental setups. Data from the WMAP mission [22] were analyzed in Ref. [20] to constrain the amplitude A of the CIP power spectrum C L to be smaller than 5.5 × 10 −3 at 68% C.L., which translates to a constraint on the CIP variance of ∆ 2 rms
, where the L = 1 mode has been ignored due to reconstruction uncertainties.
C. Effect on the power spectrum
In our picture we treat the CIP amplitude as a Gaussian random variable. This allows us to calculate the observed CMB angular power spectrum C obs by averaging over the CIP amplitudes,
which to first non-zero order in ∆ rms is given by
We calculate the second derivative by fitting C | Ω b ,Ωc near {Ω b ,Ω c } as a function of ∆. We have checked that terms that are higher order in ∆ 2 rms are negligible for the upper limits to ∆ 2 rms that we infer. We have found that the CIP-induced corrections to CMB power spectra from Eq. (7) numerically agree with those computed with the full mode-coupling formalism of Ref. [18] , but are simpler to evaluate.
III. CIP ESTIMATORS
We have shown expressions for how CIPs alter CMB power spectra. Now we consider how to estimate ∆ 2 rms with measurements of the three main CMB power spectra, C T T , C T E , and C EE . For that we use a Fishermatrix analysis to fully capture the correlations between the CIP variance, ∆ 2 rms , and the usual cosmological parameters.
Let us begin by reviewing the basics of linear (Fisher) cosmological-parameter estimation.
A. Linear estimators
Codes like CosmoMC [23] and Python Monte Carlo [24] are commonly used for parameter analysis. It is, however, a computationally costly procedure. We already have a best fit for the six ΛCDM model parameters in the absence of CIPs [5] , so we can perturb the model around this best fit by adding CIPs, increasing the number N p of parameters to seven. In that case the new best-fit parameters will not be too far away in parameter space from the old ones, so we can perform a linear analysis.
We construct a linear estimator of the parameters near their current best-fit values [5] . To do so we parametrize the power spectra as,
where C X,best−fit is the best-fit (lensed) power spectrum, with X = {T T, T E, EE}. We have left out other CMB observables, such as B-mode polarization, due to the absence of sufficiently sensitive and foreground-free CMB polarization data. These could potentially have significant constraining power [17, 18] .
We define the first six original amplitudes to be the ΛCDM parameters as
2 and ω c = Ω c h 2 are the baryon and cold-dark-matter physical densities, n s is the tilt of the scalar power spectrum, and A s its amplitude. Here, τ is the optical depth of reionization and H 0 is the Hubble parameter. We define the deviations of these parameters from their best-fit values to be δA i .
The basis functions g X i ( ) for i = 1−6 are constructed as
where the derivatives are taken by fitting in CAMB [25] near the best-fit values of the six ΛCDM parameters. Since we are going to add CIPs we will have N p = 7, unless otherwise specified. The change in the power spectrum when adding CIPs is parametrized by Eq. (7), from where we can extract the seventh basis function
where the derivative is calculated in the separate-universe approximation, and has associated amplitude δA
We show all the derivatives in Figures 1, 2 , and 3. There are well-known correlations between the higheffects of changing the dark-matter density ω c and the Hubble parameter H 0 . Similarly, increasing A s and decreasing τ produce very similar changes in the power spectra, except at the lowest s.
Notice that in those plots we are also showing the derivative with respect to the lensing amplitude as an eighth parameter. The basis functions for CIPs and lensing are very similar. This could help resolve the tension between the observed level of CMB lensing in Planck power spectra and expectations from the ΛCDM model. We will explore this topic in Section IV.
B. Fisher Matrix
We now study the detectability of the seven δA i simultaneously through a Fisher analysis. We employ the usual definition of the Fisher matrix [26] [27] [28] , with components
where the inner product , is defined as
The covariance matrix C is given by [29, 30] (C ) XY = 2 2 + 1 where we have defined
and the N X are the instrumental noises, for which we use the Planck tabulated noise for the Planck analysis and zero in the cosmic-variance-limited case.
IV. CMB ANALYSIS
Now we are ready to find estimates and errors for the six standard cosmological parameters, as well as the CIP amplitude ∆ 2 rms . We consider two cases. First, for Planck, we not only obtain estimators for the CIP variance, but also apply them to the data to obtain actual limits to CIPs. We will take a small detour to study the viability of CIPs as a solution for the lensing tension in the Planck CMB power spectra. Second, we will study a cosmic-variance limited (CVL) experiment.
A. Planck constraint
Let us begin by considering the Planck 2015 power spectra (C X,Planck ), obtained from the Planck Legacy Archive 1 . To diminish the effects of correlations between different s, we used binned data for ≥ 30, with width ∆ = 30. The minimum-variance unbiased estimators for these seven amplitudes δA i are
where (F −1 ) ij is the inverse of the Fisher matrix, and R( ) is the residual after subtracting the best fit from the data, R X ( ) = C X,Planck − C X,best−fit .
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Derivatives of the CMB EE power spectrum at the current best-fit values. We use the same conventions as in Figure 1 .
With the current data in the Planck Legacy Archive, however, it is hard to disentangle the optical depth τ and the scalar amplitude A s , since the effect of changing either is highly degenerate [31] . The main difference between A s and τ is the reionization bump, caused by τ , that appears at low in polarization measurements [32] [33] [34] . Our linear analysis underestimates the errors when using low-polarization data, so in lieu of them we will add a prior τ = 0.068 ± 0.019 to the optical depth for robustness. We choose the final ranges to be = 30−2500 for TT, and = 30 − 1995 for TE and EE power spectra, where the maximum is that available in the Planck Legacy Archive. Later on, when considering lensing, we will add the full low-data to the analysis.
We show the best fits derived with this analysis in Table I. The best fit to the CIP amplitude with TT-data only is ∆ 2 rms = (5.8 ± 7.1) × 10 −3 , and with the combined data set is ∆ 2 rms = (0.9 ± 5.0) × 10 −3 . There is thus no evidence for the existence of CIPs, and the constraint is of the same order of magnitude as the trispectrum constraint of Ref. [20] . Notice that we have not required ∆ these limits have become more constringent in the case of the TE data set, due to the negative best-fit value for ∆ 2 rms , whereas the opposite is true for the TT and EE data sets.
We show the confidence ellipses for the Planck experiment on Figures 4 and 5 , where it is clear that the CIP contribution to the CMB power spectrum is highly correlated with most of the rest of parameters. The correlation coefficients, defined as r ij ≡ ( We do not show the covariance between ∆ 2 rms and τ , since the prior applied to τ renders meaningless the correlation coefficients. Even though this high-analysis shows no strong evidence for the existence of CIPs, they have the potential to resolve the lensing tension mentioned above, when including low-data. We now explore this possibility.
Lensing
The CMB is lensed by large-scale structure along the line of sight. The main effects of the lensing on the CMB power spectra are to add power at small scales and to smooth the acoustic peaks [35, 36] . The amount of lensing inferred from CMB TT measurements seems, however, to be higher (by about two standard deviations) than the predicted value. This difference is parametrized through the lensing amplitude A L [37, 38] , which is fixed to be A L = 1 in ΛCDM, but letting it vary can better fit the data. An analysis of the Planck measurements of the TT power spectrum found a best-fit value of A L = 1.22 ± 0.10 [5] .
Adding a new parameter to the likelihood analysis changes the best-fit A L if the new parameter is correlated with it [39, 40] . The effects on the CMB of increasing A L are very similar to adding CIPs, as can be seen from Figures 1, 2, and 3 . Then, we can compute the offset induced in A L due a non-zero CIP variance ∆ 2 rms
In the Planck TT case, the product ( rms is allowed by the current constraints on CIPs, being a factor of ∼ 7 smaller than our TT-only bound.
Of course this is only an approximate analysis ignoring the rest of the cosmological parameters. To include all correlations we use a Fisher-matrix analysis as above, adding δA We have used a prior in τ in addition to all the data sets to break the degeneracy between τ and As.
We fit for the value of A L from the Planck data, first without CIPs (to show the tension) and then with CIPs. To follow more closely the analysis carried out by Planck [5] , we will use the low-polarization data instead of setting a prior for τ . These data are available as part of the Planck likelihood package.
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The results are displayed in Table II . We show the fit for the six original ΛCDM parameters +A L first, where it is clear that the best-fit lensing amplitude deviates ∼ 2 standard deviations from the ΛCDM value of A L = 1 for the TT, EE, and the combined data set.
In Figure 6 we plot the likelihoods for A L , when marginalizing over the rest of parameters, before and after including CIPs.
3 This Figure shows a significant widening of the likelihood curves, which added to the bias from Eq. (16) is responsible for the decrease in the tension of the fit.
In Table II we also show the standard deviations (and new best-fit values) when including the six ΛCDM parameters + ∆ 2 rms + A L (so N p = 8). In that case the tension in the TT data set vanishes, due to the correlations between A L and ∆ 2 rms . A χ 2 analysis of the TT power spectrum shows a preference for a non-standard lensing amplitude. The change in χ 2 from the standard ΛCDM model (with A L = 1) to an A L -varying model (usually denoted ΛCDM+A L ) is ∆χ 2 = −4.1, giving rise to a p-value of 0.043, which makes it a significantly better fit.
Adding CIPs to this ΛCDM+A L model changes χ 2 by ∆χ 2 = −0.3, with a p-value of 0.58. This implies that ΛCDM+A L +CIPs does not fit the TT power spectrum better than ΛCDM+A L .
Interestingly, CIPs alone can do as well as A L alone improving the χ 2 statistic. The change in χ 2 from the ΛCDM model to ΛCDM+CIPs is ∆χ 2 = −3.9, with a pvalue of 0.048 (to be compared with 0.043 when adding a varying A L to ΛCDM). Notice, though, that the bestfit CIP variance in that case would be ∆ 2 rms = (12.9 ± 2 http://wiki.cosmos.esa.int/ 3 Note that, since we are using a linear Fisher-matrix analysis, these likelihoods are Gaussian by construction.
6.4)×10
−3 , which is in tension with both the trispectrum bound [20] , and the galaxy-cluster bound [17] .
This shows that adding either a varying A L or CIPs to a standard ΛCDM model provides a better fit for the TT Planck power spectrum, by a comparable amount. Adding both, however, is not supported by the data. There are, however, a few systematic effects in the analysis that could bias the result. The most important example is that our treatment of the low-data is too simplistic. As a result, the uncertainties in τ and A L in Table II are small when compared to the Planck 2015 result [5] . This indicates that our Fisher-matrix analysis is too optimistic when inferring the optical depth from the lowpolarization data, which could be due to the non-gaussian nature of the low-likelihoods, to the mode coupling, or to the linear approximation breaking down. A full likelihood analysis could show that CIPs absorb more of the lensing tension than indicated in this simple analysis.
Summarizing, we conclude that CIPs are unlikely to solve the lensing tension with current Planck data. Nonetheless, they remain one of the simplest prospective solutions, due to their high correlation with the lensing amplitude (r A L ,∆ 2 rms = −0.82). High-quality low-polarization data will be publicly available in the next few years [41, 42] , so a reanalysis using the full Planck likelihoods, perhaps also including higher-multipoles from SPTpol [43, 44] , will resolve the matter definitively.
B. Cosmic-variance limit
We now find the minimum ∆ 2 rms observable in the cosmic-variance limited case for different data sets.
We consider an experiment with no instrumental noise N (i.e. N = 0), full sky coverage (f sky = 1) and range of observation from = 2 to 2500. In reality the lowest multipoles should be treated with care, due to possible Galactic-foreground subtraction [45] , which we ignore here. We show the results for the uncertainties of such an experiment in Table III . . Instead of a prior in τ we have used the low-polarization data ( < 30) from Planck in addition to all the data sets to disentangle τ and As. The best CVL constraints to ∆ 2 rms arise from the polarization power spectra (EE especially) instead of the TT power spectrum, as holds true for the six original parameters [28] .
The minimum CIP variance observable in the CVL is ∆ 2 rms = 9 × 10 −4 , a factor of ∼ 5 better than the current trispectrum constraint [20] . This result pales in comparison to the sensitivity of a CVL trispectrum experiment, as described in Ref. [21] , which would be able to measure ∆ 2 rms ≤ 3 × 10 −6 . Here τ is free, unlike the Planck case, where we included a prior. This leads to higher correlations of the CIP amplitude ∆ 
V. CONCLUSIONS
Compensated isocurvature perturbations leave no imprint on the observable CMB to linear order, so their amplitude can be considerably larger than the ∼ 10 −5 amplitude of primordial adiabatic perturbations. Currently the best constraints arise from analyzing the fourpoint function of the CMB, from where one can probe the first L ∼ 20 multipoles of a CIP power spectrum, corresponding to scales larger than 10 degrees in the sky.
We use a different method to search for CIPs, based on studying the CMB power spectrum that arises to second order in the CIP-perturbation amplitude. We find a simple form for the contribution to the CMB power spectrum, proportional to the CIP variance ∆ 2 rms , which has the advantage of being easier to analyze than the trispectrum.
The amplitude ∆ 2 rms of this new contribution to the power spectrum can be expressed in terms of a sum over all the modes of a scale-invariant CIP power spectrum, although only the first L ∼ 100 modes are important in CMB studies. This allows us to probe the CIPs down to angular scales of ∼ 2 degrees in the sky.
We show that CIPs can alleviate the 2σ discrepancy in the lensing amplitude A L , between that inferred from the Planck TT power spectrum and the ΛCDM expectation (A L = 1). Adding CIPs to a standard ΛCDM model can improve the fit of the TT power spectrum as much as adding a varying A L , making it unnecessary to have A L = 1. The best-fit value for ∆ 2 rms in that case, however, would be three standard deviations above the current bounds. A full MCMC analysis would precisely determine whether CIPs provide a viable solution to the lensing tension.
We find a 1σ constraint on the CIP variance of ∆ 2 rms ≤ 7.1 × 10 −3 using Planck temperature data alone, which improves to ∆ 2 rms ≤ 5.0 × 10 −3 if polarization data are included. This result is of the same order of magnitude as the current trispectrum bound, but this analysis is far simpler and more intuitive, as well as less computationally costly. We also forecast the minimum CIP amplitude observable with a cosmic-variance-limited measurement of the CMB power spectra to be ∆ 2 rms ≤ 9.0 × 10 −4 . This result is a factor of ∼ 5 better than the current constraints, promising ever more precise constraints of the uniformity of the primordial baryon fraction. for Advanced Study by NASA through Einstein Postdoctoral Fellowship grant number PF5-160135 awarded by the Chandra X-ray Center, which is operated by the Smithsonian Astrophysical Observatory for NASA under contract NAS8-03060.
